Abstract. Numerical dispersion error is inevitable when the finite element method is employed to simulate acoustic problems. Studies have shown that the dispersion error is essentially rooted at the "overly-stiff" property of the standard FEM model. To reduce the dispersion error effectively, a discrete model that provides a proper softening effects is needed. Thus, the stable node-based smoothed finite element method (SNS-FEM) which contains a stable item is presented. In this paper, the SNS-FEM is investigated in details with respect to the pollution effect. Different kinds of meshes are employed to analyze the relationship between the dispersion error and the parameter involved in the stable item. To ensure the SNS-FEM can be applied in the practical engineering problems effectively, the relationship is finally constructed based on the hexagonal patch for the commonly used unstructured mesh is very similar to it. By minimizing the discretization error, an optimal parameter equipped in this novel SNS-FEM is formulated. Both theoretical analysis and numerical examples demonstrate that the SNS-FEM with the optimal parameter reduces the dispersion error significantly compared with the FEM and the well performed GLS, especially for mid-and high-wave number problems.
Introduction
Nowadays, with the increasing demands on the acoustic performance of enclosed cavities, such as the automotive passenger compartments and aircraft cabins, careful con-siderations must be given in designing these sophisticated products. As the analytical solutions are unavailable for problems with complex configurations and various boundary conditions, researchers often resort to the numerical methods when performing the acoustic analysis for these cases. Currently, the standard finite element method (FEM) [1] [2] [3] [4] and boundary element method (BEM) [5, 6] are the two widely-used and well-developed numerical tools in simulating acoustic problems. For exterior acoustic problems, the BEM shows great advantages since it allows the simulation of fields in unbounded domain. However, when it comes to interior acoustic problems, researchers often chose the FEM for its simplicity and efficiency.
Numerical methods, when applied to time-harmonic wave propagation problems, will unavoidably cause the dispersion error [7] [8] [9] [10] [11] . At higher frequencies, the dispersion tends to accumulate, resulting in completely erroneous results [12, 13] . Finite element users often believe the rule of the thumb, which prescribes that 7 or 10 points per wavelength are needed to obtain a reasonable result when linear element is employed [14] . However, this criterion is not always true. In most cases, the error of numerical solutions often grows with the increase of wave number even the criterion is satisfied. Although the use of refined meshes could alleviate the dispersion effect, a large amount of computational cost has to be consumed, which produces great burdens for large scale three-dimensional practical engineering problems.
In order to reduce the dispersion in the high frequency range, various numerical improvements have been proposed in the last decades. The first approach is the stabilized finite element method [2, 3] which was developed by the modifications of the classical Galerkin method, such as the Galerkin/least-squares finite element method (GLS) [14] [15] [16] , the residual-free bubbles method (RFB) [17] and the quasi-stabilized finite element method (QSFEM) [18] . Another effective strategy is the high-order finite element method, including the p-version FEM [19] [20] [21] [22] and the partition of unity method (PUM) [23] . Although these methodologies are very effective in controlling the pollution effect, the dispersion still exists when resorting to these methods for acoustic analysis. With the development of mesh-free methods, the element-free Galerkin method (EFGM) [24, 25] , the multiresolution reproducing kernel particle method (RKPM) [26] and the radial point interpolation method (RPIM) [27, 28] have already been used to analyze the acoustic problems by researchers in recent years. Compared to the classical FEM, these different mesh-free strategies improve the computational accuracy significantly, however, the dispersion still cannot properly removed in the general two-and three-dimensional acoustic problems.
The dispersion error increases conspicuously with the increasing wave number due to the overly-stiff property of the FEM model [29] [30] [31] [32] [33] . In order to eliminate the dispersion error effectively, a discretized model with proper stiffness is needed [29] [30] [31] [32] . For this purpose, a strain smoothing method was proposed by Chen [34, 35] , and a generalized gradient smoothing (GGS) technique [36] [37] [38] has been further formulated by Liu. The GGS has been extensively used in analysing solid mechanics problems and show significant superiority since it can offer a sufficient softening effect. Based on the node-based strain smoothing technique, a series of node-based smoothed finite element methods (NS-FEM) have been proposed and employed to analyze various time-independent problems [39] [40] [41] [42] [43] . The NS-FEM has many superior properties and can be easily implemented. Additionally, it has been proved that the NS-FEM can provide an upper bound solution to the exact one for elasticity problems with homogeneous essential boundary conditions due to the softening effect [40] . The prominent inherent properties of the NS-FEM make it much attractive. However, the NS-FEM model exhibits "overly-soft" when it comes to time-dependent problems [29] [30] [31] [32] such as dynamic problems and acoustic problems. As the "overly-soft" property can lead to temporal instability [37, 38] , the NS-FEM cannot be used for acoustic problems directly. In consequence of this, some effective numerical improvements have been proposed to cure this issue. In general, these methods can be classified into two categories. One is processed based on the squared-residual stabilization technique proposed by Beissel and Belytschko [43] , and has been further developed by other researchers [44] [45] [46] [47] [48] [49] . Another is processed by combining the "overly-stiff" FEM with the "overly-soft" NS-FEM, such as the alpha finite element method (α-FEM) [29] and the hybrid smoothed finite element method (H-SFEM) [31, 50, 51] . All these methods make the NS-FEM temporal stability and provide very accurate results; however, no matter which methodology is employed, there is always a parameter which has great influence on the calculation results. Studies have revealed that both the nature of the problem and the size of mesh discretization play key roles in determining the value of the parameter. But so far, how to obtain an optimal parameter is still an unsolved problem.
In this work, the stable node-based smoothed finite element method is deeply investigated to reduce the dispersion error. The problem domain is first discretized using a set of 3-node triangular cells. Based on the nodes of the elements, the smoothing domains associated with the nodes are further constructed. The node-based smoothed acoustic gradients together with the gradient variance items are then derived to form the discretized system equations through the generalized Galerkin weak form. Four kinds of common structured meshes are employed to analyse the relationship between the dispersion error and the method parameter corresponding to the present model. As the component patches of the commonly used unstructured mesh is very similar to the hexagonal patch generally, the relationship is finally constructed based on the hexagonal patch to ensure the SNS-FEM can be applied in the practical engineering problems effectively. By minimizing the discretization error, an optimal general approach for the parameter in this novel SNS-FEM is then obtained. With the designed parameter, a perfect balance between the stiffness and mass matrices is finally established and a significant reduction of the dispersion error is thus achieved. Numerical examples demonstrate that the SNS-FEM with the optimal parameter performs well and reduce the dispersion error significantly in acoustic simulation, especially for mid-and high-wave number problems. This paper is organized as follows. The theoretical basis is presented in the next section. Section 3 briefly describes the fundamentals of the SNS-FEM used in acoustic problem. The method parameter is finally determined by minimizing the discretization error in Section 4. Section 5 validates the effectiveness of the present SNS-FEM through dispersion error analysis. In Section 6, we assess the performance of the present SNS-FEM through some numerical examples. The paper is summarized in Section 7 with some concluding remarks.
Helmholtz equation
Assuming a plane wave propagates in a finite acoustic problem domain Ω bounded by Γ, where Γ = Γ D ∪Γ N ∪Γ R . The distribution of the sound pressure p in the domain Ω can be modelled using the following Helmholtz equation
in which, △ denotes the Laplace operator, and k is the wave number given by
where c represents the speed of sound travelling in the medium. The gradient of acoustic pressure p and the velocity v in the ideal fluid can be linked together through the equation of harmonic motion
where j is the imaginary unit; ρ represents the density of medium; ω denotes the angular frequency. The Dirichlet, Neumann and Robin boundary conditions can be described in detail 6) where p D denotes the pressure on the boundary Γ D ; v n and A n denote the normal velocity on the boundary Γ N and the admittance coefficient on the boundary Γ R , respectively. where w represents the test function. In the standard Galerkin weak form, the test function and the shape function are chosen to be same. In the standard FEM, the acoustic pressure at any point in a triangular element is interpolated using the nodal pressure. Considering
as the interpolation form of the field variable pressure in each element, where Np denotes the number of the nodes of the element, N i (x) are the linear FEM shape function values and p i represents the unknown nodal pressure. In order to perform the node-based gradient smoothing operation, we first discretize the problem domain Ω into N e triangular cells, same as the practice of standard FEM. Based on the nodes of the elements, the problem domain is again subdivided into N n non-overlapping and non-gap sub-domains, such that
, where N n denotes the total number of field nodes. Consider an interior node k, as shown in Fig. 1 , the corresponding node-based smoothing domain Ω s k bounded by Γ k is constructed by linking the mid-edge-points and the centroids of the triangular elements around the node k in order.
According to the relationship between the acoustic pressure gradient and the velocity defined in Eq. (2.3), the smoothed gradient can be easily obtained based on the smoothed velocity
where W(x−x k ) is a given smoothing function satisfying as least the partition of unity 
Substituting the acoustic pressure shown in Eq. (3.2) into Eq. (3.5), the matrix form of the smoothed velocity and the acoustic pressure gradient can be expressed usinḡ
where M k denotes a set containing node k and all nodes directly connected to it. B I (x k ) represents the smoothed gradient matrix with the form of 9) where N I is the standard FEM shape function of the node I, n m (x) denotes the outward normal vector on the boundary Γ k .
Replacing the compatible acoustic gradient with the node-based smoothed acoustic gradient and introducing the interpolation form of the acoustic pressure, the standard Galerkin weak form of the considered wave propagation equation presented in Eq. (3.1) now becomes
10) where ∇N represents the smoothed gradient. Based on Eq. (3.10), the discretized system equations can then be derived and written in the following matrix form
where
The matrices K, M and C denote the smoothed acoustic stiffness matrix, the acoustic mass matrix and the acoustic damping matrix, respectively. And the vectors F and P represent the acoustic force vector and the acoustic pressure vector.
Stabilization of NS-FEM and the method parameter
Studies have shown that the NS-FEM exhibits the temporal instability deficiency when employing it for time-dependent problems due to its overly-soft property [36, 44] . As the wave propagation is a problem intimately connected to time, hence the NS-FEM cannot be directly used to simulate this phenomenon. In order to cure the temporal instability and improve the accuracy of the NS-FEM in solving acoustic problems, the stiffness of the original NS-FEM should be strengthened. For this purpose, a stable item by considering the acoustic gradient variances will be constructed in this work.
To construct the stable item, we first approximate the polygon domain Ω s k as a circle with the same area. Based on the equivalent circle, the smoothing domain is further divided into four sub-domains equally. Then choosing four integration points lie in xaxis, y-axis with each sub-domain an integration point, as illustrated in Fig. 2 . The chosen integration points keep the same distance lc to node k, and lc will be taken as a parameter to be further designed.
Assuming that the gradient of the acoustic pressure satisfies at least once continuously differentiable in the smoothing domain Ω s k , then its Taylor expansion at node k can be expressed as
According to Eq. (3.17), the acoustic pressure gradients (∇p) sc ki (i=1,2,3,4) at the four integration points can be expressed as here
It is obvious that the system acoustic stiffness matrix has been strengthened. To achieve a perfect balance between the stiffness and mass matrices as well as improve the accuracy of the present method, a much more "close-to-exact" stiffness is imperative, namely, an optimal value of the method parameter lc is needed.
The optimal method parameter to reduce the dispersion
As the dispersion error of the numerical solutions is connected to stiffness of the discretized system directly, the relationship between these two quantities will be firstly established in this section. By minimizing the discretization error, the optimal parameter lc can then be determined for the present SNS-FEM, which will be discussed in details as follows.
Dispersion analysis of the SNS-FEM
There are several structure triangular meshes with different repeated topology patterns, such as the regular pattern, the crisscross pattern, the chevron pattern and the equilateral or hexagonal pattern, as shown in Fig. 3 . The effect of these topology patterns on the dispersion of the FEM had been studied by some researchers [8, 16] . In this section, we will Regular Crisscoss Chevron Hexagonal 
Chevron Hexagonal Figure 4 : The nodes contributing the SNS-FEM system associated to node S using different meshes.
further investigate the influence of different topology patterns on the dispersion error of the SNS-FEM through theoretical derivation. Assuming a problem domain is discretized using four kinds of different structural meshes with constant node spacing of h, respectively. The nodes contributing the SNS-FEM system equation associated to node S using different meshes are marked and shown in Fig. 4 . As the node S is an interior node without boundary conditions, the acoustic damping matrix and the force vector come to zero. Then the discretized system equation becomes
Note that in two-dimensional space, the numerical solutions of a plane wave propagate with an inclined angle θ can be expressed a
where k h denotes the numerical wave number. Using the regular mesh pattern presented in Fig. 4 , the discrete equation corresponding to node S in the SNS-FEM system can be easily obtained and written in the following form
Then the real parts of the equation can be collected and simplified as
(4.5)
Similarly, the system equations corresponding to node S of the SNS-FEM using other three mesh patterns can be obtained and labelled as L cris s , L che s andL hex s . After collecting the real parts, the equations can be simplified as
Re(L 
and
,
(4.11)
The real part equation is the function of numerical wave number k h and the propagation direction θ. According to Eq. (4.2), the ideal relationship between the two parameters should satisfy the equation of a circle. But obviously, Eqs. (4.4), (4.6), (4.8) and (4.10) are not the equations of standard circles, which means that there are always some dispersion errors. This occurs due to the numerical wave number k h isn't equal to the exact wave number k. In the standard FEM, the dispersion error cannot be eliminated. However, when it comes to the SNS-FEM, the method parameter makes it possible to eliminate the dispersion error.
Determination of the optimal method parameter
It's well known that the FEM model with linear elements exhibits "overly-stiff" which will lead to an imbalance between the system stiffness matrix and the mass matrix. As the imbalance should be most responsible for the pollution error, a discretized model with proper stiffness holds the key to cure the issue. Eqs. (4.4), (4.6), (4.8) and (4.10) show that the method parameter lc plays an important role in the system equation, i.e., the key to provides a perfect balance between the stiffness matrix and the mass matrix of the SNS-FEM system. Thus the ideal value of the method parameter lc can lead to the numerical wave number k h equal to the exact one, so substituting k = k h into Eqs. (4.4) , (4.6), (4.8) and (4.10). Then the parameter lc can be computed as a function of k h and θ, denoted by lc = f (kh,θ).
(4.12)
The relationships among the method parameter lc, non-dimensional wave number kh and the propagation direction θ using different patches are shown in Fig. 5 . No matter which mesh pattern is employed, for a given direction and wave number, the method parameter which can eliminate the dispersion error can be obtained correspondingly based on the figure. However, in the practical engineering, the acoustic wave is a sum of waves propagating along different directions instead of a simple plane wave, which means that the propagation direction of the wave is hard to be measured or calculated. In this condition, to eliminate the dispersion completely is impossible and a general approach which is independent to the frequency and propagation direction for the method parameter lc is needed.
As shown in the figure, the values of the method parameter vary over the nondimensional wave number and the propagation direction. When the regular pattern is employed, the propagation direction is the main force which influences the parameter values, and the same to the chevron pattern. On the contrary, when the crisscross parameter is employed, the main force which influences the parameter values becomes the wave number instead of the propagation direction. But no matter which mesh pattern of the three is employed, the values of the parameter vary greatly over the wave number and the propagation direction for the spurious anisotropy. However, when it comes to the hexagonal pattern, the value of the parameter lc is nearly a constant regardless of the wave number and propagation direction under kh < 1. Even the non-dimensional wave number comes to kh > 1, the value of the method parameter changes marginally. This property just meets the needs of the general approach for the method parameter.
Another thing to note here is that the first three mesh patterns are normally applied to very simple problems with regular domains. When it comes to practical engineering problems, however, the structure meshes are inapplicable and the unstructured mesh is preferred for it can be generated automatically for any complicated domains. As the component patches of the commonly used unstructured mesh is very similar to the hexagonal patch generally, we will further design the method parameter based on the hexagonal patch in order to make the SNS-FEM applied in the practical engineering problems more effectively as well as simplify the derivation reasonably.
As mentioned previously, the ideal condition is that the numerical wave number k h equals to the exact one. Based on Eq. (4.10), the relationship between k h and k can be 
In order to show the relationship more directly, we take the Taylor expansion of the exact k in terms of the numerical wave number k h , the result can be simplified as
The difference between the exact wave number and the numerical one can be regarded as the error term and written as
when the method parameter lc is taken as 0.5, the three order term can be eliminated and only left high order minim. And just as shown in Fig. 5 , the method parameter lc fluctuates around 0.5, and the value of the parameter lc nearly to be a constant when kh < 1. One thing should be noted here is that the previous analyses are processed based on the mesh size h, so the unit of the parameter lc is h. Then the general approach for the method parameter can be obtained
Obviously, the general approach for the method parameter can be implemented easily as well as reduce the dispersion effectively. Space prevents that discussion here, but the optimal parameters of other mesh patterns can be derived in the same way.
Dispersion error
In this section, the effectiveness of the present SNS-FEM with an optimal parameter will be validated through theoretical analysis. For comparison, the dispersion errors of the traditional FEM and GLS are also given based on the same mesh discretization.
Accuracy of the SNS-FEM
In order to evaluate the dispersion effects for different numerical approaches conducted in this work, an error indicator in terms of the exact and numerical wave numbers is defined with the form of
The wave number k is multiplied by the nodal spacing h to make dimensionless. Fig. 6 illustrates the numerical results derived from the present SNS-FEM, together with that obtained using the FEM and GLS. It can be seen from the plot that
• For all the methodologies considered in this study, the error indicator varies periodically from 0 • to 180 • . Hence, the propagation angle plays an important role on the dispersion error. • For lower wave number problems (kh < 1), all the three numerical approaches can produce very small dispersion errors. However, the present SNS-FEM is obviously a winner compared to the other two algorithms.
• When it comes to higher wave number problems (kh>1), the dispersion errors of all the three methodologies increase rapidly with the increasing wave number, while the SNS-FEM can still achieves much more accurate result.
• The maximal error of the SNS-FEM is only half of the GLS solution and nearly 90% less than the FEM solution when kh = 2.
Based on these fundamental findings, we can further conclude that the SNS-FEM can significantly alleviate the dispersion error encountered by traditional numerical methods and can be seen as a good candidate in solving acoustic 2D problems compared to the FEM and GLS.
Direction-dependent dispersion
The relationship between the dispersion and the wave propagation angle θ is further studied in this subsection to demonstrate more features of the present method. Fig. 7 shows the dispersion error of different numerical methods at a certain wave number k = 1.5. From the figure, it is obvious that the direction-dependent dispersion exists and the solution of FEM is always inside the standard circle which indicates that the FEM model exhibits stiffer than the exact model. On the other hand, the solution of SNS-FEM with the chosen method parameter value is in better agreement with the exact solution, compared to both the FEM and GLS. Therefore, the designed value for the method parameter is effective and will be validated in more detail.
To compare the results quantitatively, three different non-dimensional wave numbers (kh = 0.8, 1.5 and 2) are employed here and the numerical solutions derived from the SNS-FEM, FEM and GLS are potted in Fig. 8 . As can be seen from the figure,
• For all the three non-dimensional wave numbers considered in this investigation, the dispersion errors fluctuate periodically from 0 • to 180 • , which further verifies the phenomena observed in Fig. 5 .
• When the wave number is relatively low such as kh = 0.8, the dispersion error of FEM is high but acceptable. However, the SNS-FEM is much more accurate with very small dispersion.
• When it comes to mid-or high-wave number such as kh=1.5, the result of the SNS-FEM is still very accuracy while the dispersion error of the FEM is nearly up to 10%. • Although the error indicators of the SNS-FEM fluctuate more greatly than that obtained using the FEM and GLS, however, the dispersion error of the SNS-FEM is much smaller regardless of various values of angle and kh. Thus the present SNS-FEM is very effective.
Convergence of the dispersion error for the SNS-FEM
The maximum dispersion error e max against the non-dimensional wave number is also studied to investigate the convergence of the dispersion error for the SNS-FEM. As shown in Fig. 9 , the convergence rate of the FEM and GLS is nearly the same, while the GLS achieves higher accuracy. The present SNS-FEM shows higher convergence rate as well as much higher accuracy compared with both the FEM and GLS. The convergence rate of the SNS-FEM is more than twice that of the FEM and GLS. The conclusion implies that the SNS-FEM reduces the dispersion remarkably.
From the previous analysis, its obvious that the designed general approach of the method parameter lc = 0.5h is very effective and makes the SNS-FEM eliminate the dispersion significantly.
Numerical examples
In order to demonstrate the superiority of the SNS-FEM with an optimal parameter, a tube with analytical solution and a vehicle passenger compartment subjected to various boundary conditions are detailed studied in this section. For comparison, the numerical solutions derived from the traditional FEM and high performance GLS are also presented in this package.
Tube problem with Neumann boundary condition
A typical problem widely-used in acoustic simulations is a tube full of air as shown in Fig. 10 (a) . The geometric parameters of the tube are illustrated in the figure. The density of air is ρ=1.225kg/m 3 and the velocity of the sound wave travelling in the air is 340m/s. The boundary conditions are subjected as shown in the figure. The left side is subjected to Neumann boundary with normal velocity v n = 0.01sinωt, the other side is a rigid wall with the normal velocity is zero. As this is a popular benchmark problem, the analytical solutions of the acoustic pressure and velocity are available The distribution of pressure along the bottom boundary line is examined to validate the accuracy of the present SNS-FEM. First of all, the tube domain is discretized with average nodal spacing of 0.025 m using commercial software automatically, as shown in Fig. 10 (b) . Two different wave numbers k = 40 (kh = 1) and k = 50 (kh > 1) have been employed to process the simulation.
In order to make the dispersion more obvious, the wave numbers employed satisfy kh ≥ 1 when the dispersion error is the chief constituent of the error [12] . The numerical results of the FEM, GLS and SNS-FEM are presented in Fig. 11 , together with the exact solutions. It can be observed that:
• When kh = 1, the FEM solution deviates from the exact solution obviously and the solutions of GLS and SNS-FEM can agree very well with the analytical solution.
What's more, the SNS-FEM solution is much more accurate.
• When it comes to kh > 1, both solutions of the FEM and GLS deviate a lot from the exact solution, while the SNS-FEM solution is still in good agreement with the exact solution, which means that the dispersion has been controlled effectively.
To further validate the effectiveness of the present SNS-FEM, we test the impact of eigenvalues on the global error indicator. The problem has analytical eigenvalues corresponding to the wave number k = nπ, n ∈ N, for which the global error tends to infinity. The global error indicator in terms of velocity is defined with the form of [29] [30] [31] 
where the symbol "∽" denotes the complex conjugate and the superscript "e" and "h" represent the exact solution and the numerical solution, respectively. As displayed in Fig. 12 ,
• When the wave number is low, all the three methods can predict the eigenvalues accurately, while the SNS-FEM can achieve higher precision. • With the increase of wave number, the standard FEM could hardly provide acceptable eigenvalues, while the GLS and SNS-FEM can still give very accurate solutions.
• When it comes to kh>1, the GLS begins to appear spurious eigenvalues prediction, while the SNS-FEM can still predict the eigenvalues accurately.
Simplified car problem
In order to validate the effectiveness of the SNS-FEM in practical engineering, a simplified car model with various kinds of boundary conditions is taken into account in this section. The geometry of the simplified car model is plotted in Fig. 13 (a) length L x = 3.153m and height L y = 1.26m. The boundary conditions are prescribed as expressed in the figure. A velocity boundary condition is imposed on the front panel of the passenger compartment to simulate the vibration from the engine. The top of the passenger compartment is decorated with absorbing material whose admittance coefficient is A n =0.00144m 3 /(Pa·s). To process the simulation, the problem domain is divided into 493 triangle elements with the average nodal spacing of 100 mm, as shown in Fig. 13 (b). The frequency limit using this mesh is 541 Hz given by the well-known "rule of the thumb". As the analytic solution of the problem is unavailable, the reference values are obtained using the FEM with a very fine mesh (22 850 nodes and 44 521 elements).
The acoustic pressure distribution in the passenger compartment obtained using the present SNS-FEM at the frequency of 540 Hz is depicted in Fig. 14 . The frequency employed meets the upper limit frequency given by the "rule of the thumb". For comparison, the numerical solutions obtained using the FEM and GLS are also depicted in the figure. From the figures, its clear that the present SNS-FEM works reliable and dost not deviate much from the reference solution; the GLS and FEM, however, could not give acceptable pressure predictions as most of the contours departing a lot from the reference one. To show the acoustic pressure distribution more directly, the real part of acoustic pressure distributed along the defined path − → ab has been extracted and plotted in Fig. 15 . As shown in the figure, the FEM even can't predict the distribution trends of the pressure and the solution of the GLS also deviates much from the reference solution. However, the numerical solution of the present SNS-FEM is in good agreement with the reference. This further demonstrates the SNS-FEM can reduce the dispersion error significantly and achieve very accurate solutions than GLS and FEM does in acoustic problems.
Then the direct frequency response is conducted for it is another important indicator in acoustic simulations. The frequency range is set from 1.0 Hz to 700 Hz at intervals of 2.0 Hz which include the upper limit frequency 541 Hz. The sound pressure levels (SPL, ref= 2×10 −5 Pa) at the driver's ear point obtained using the present SNS-FEM together with the FEM and GLS are plotted in Fig. 16 . As shown in the figure, all the three methods can provide reasonable results when the frequency is relatively low such as less than 300 Hz. When it comes to higher frequency range, the results of the FEM deteriorate with the increasing wave number and deviate a lot from the reference solutions, while the GLS and SNS-FEM can still provide reasonable results. However, the SNS-FEM solutions are in better agreement with the reference. When the frequency exceeds the upper limit 541 Hz, large deviations can be observed in the FEM solutions and the results obtained using the GLS deviate from the reference solutions obviously, while the SNS-FEM can still provide reliable results. This indicates that the SNS-FEM works steadily and effectively on complex problems at the mid-and high-frequency ranges for the dispersion error is reduced effectively. Thus, the SNS-FEM with the optimal parameter is very promising in analyzing practical engineering problems.
Conclusions and discussions
In this work, the stable node-based smoothed finite element method (SNS-FEM) with an optimal parameter for acoustic problems is deeply investigated to reduce the dispersion error. Through the theoretical dispersion analysis and a number of numerical examples, the conclusions can be summarized as following:
1. The SNS-FEM works effectively with the simplest linear triangular mesh which can be generated automatically for any complicated domains.
2. The approach for the method parameter is very simple and only related to the characteristic length of the mesh, regardless of the nature of the problem.
3. Due to the SNS-FEM with the optimal parameter reduces the dispersion error effectively, the SNS-FEM can still provide very accurate solutions when it comes to mid-and high-wave number problems.
4.
To practical engineering problems with complicated domain and multiple boundary conditions, the SNS-FEM provides very accurate results and works much more reliable than the FEM and GLS.
